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Abstract
In these lectures I first cover radiative and semileptonic B decays, including
the QCD corrections for the quark subprocesses. The exclusive modes and
the evaluation of the hadronic matrix elements, i.e. the relevant hadronic
form factors, are the second step. Small effects due to the long-distance,
spectator contributions, etc. are discussed next. The second section we
started with non-leptonic decays, typically B → ππ, Kπ, ρπ, ... We describe
in more detail our prediction for decays dominated by the b→ sηc transition.
Reports on the most recent experimental results are given at the end of each
subsection.
In the second part of the lectures I discuss decays forbidden by the Lorentz
and gauge invariance, and due to the violation of the angular moment conser-
vation, generally called the Standard Model-forbiden decays. However, the
non-commutative QED and/or non-commutative Standard Model (NCSM),
developed in a series of works in the last few years allow some of those decay
modes. These are, in the gauge sector, Z → γγ, gg, and in the hadronic
sector, flavour changing decays of the type K → πγ, B → Kγ, etc. We shall
see, for example, that the flavour changing decay D+s → π+γ dominates
over other modes, because the processes occur via charged currents, i.e. on
the quark level it arises from the point-like photon × current × current in-
teractions. In the last section we present the transition rate of “transverse
plasmon” decay into a neutrino–antineutrino pair via noncommutative QED,
i.e. γpl → νν¯. Such decays gives extra contribution to the mechanism for the
energy loss in stars.
∗Based on presentations given at the XLII Cracow School of
Theoretical Physics, Zakopane, Poland, 31 May – 9 June 2002;
and LHC Days in Split, Croatia, 8 - 12 October 2002.
Acta Physica Polonica B33, 4317 (2002).

1 Rare B meson decays: theory and experiments
1.1 Introduction to the rare B meson decays
The experimental challenge of finding new physics in direct searches may still
take some time if new particles or their effects set in only at several hundred
GeV. Complementary to these direct signals at highest available energies are
the measurements of the effects of new “heavy” particles in loops, through
either precision measurements or detection of processes occurring only at one
loop in the Standard Model (SM).
In the light quark system, however, the presence of quite large long-
distance (LD) effects that cannot be calculated reliably makes this study
difficult, except in the extremely rare process K → πν¯ν. The situation
is much better in the b quark system. Among these are the transitions
induced by flavour-changing neutral currents (FCNC). Rare decays of the
B meson offer a unique opportunity to study electroweak theory in higher
orders. Processes such as b → sγ, b → sℓ+ℓ− and b → sg do not occur at
tree level, and at one loop they occur at a rate small enough to be sensitive
to physics beyond the SM.
Studying B meson radiative decays B → K∗γ based on the b→ sγ quark
transition, described by a magnetic dipole operator, we have found two major
effects [1]:
(1) Large QCD correction due to the introduction of 1-gluon exchange. One
might say that 1-gluon exchange changes the nature, i.e. the functional
structure of the GIM cancellation [1, 2]: (m2t −m2c)/m2w → ln(m2t/m2c). Note,
however, that since mtop ≃ 2mW , the GIM mechanism is no longer crucial
and QCD corrections become modest.
(2) Huge recoil effect caused by the motion of the hadron as a whole producing
a large suppression of the hadronic form factor [1].
To simplify the very first attempt of calculating the b→ sγ andB → K∗γ,
we have made few very important assumptions, which all turn to be right
and proved within the past decade by a number of authors. They become
major advantages for studies of rare B meson decays:
(i) the B meson is made of a sufficiently heavy b quark, thus permitting the
use of the spectator approximation in the calculation;
(ii) absence of large long-distance effects;
(iii) the b→ sγ transition is the only contribution to B0 decay;
(iv) the B meson lifetime is, relatively speaking, prolonged more than that
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of kaons because of the smallness of Vcb and Vcu, allowing B¯B mixing to be
studied.
Other important impacts of studies of B mesons are:
(I) tests of electroweak theory (SM) in one loop are of interest in their own
right, because they verify the gauge structure of the theory;
(II) the realization of a heavy quark symmetry, i.e. the structure of hadrons,
becomes independent of flavour and spin (spin symmetry) for 1/mb →∞;
(III) the emergence of the Heavy Quark Effective Field Theory (HQET);
(IV) if there exists an enhancement of the SUSY over SM contribution, it is
clear that the B meson radiative processes, dominated by the b→ sγ quark
1-loop transition, can be an interesting candidate directly affected by the
SUSY contribution [3];
(V) the decay b → sγ is by far the most restrictive process in constraining
the parameters of the charged Higgs boson sector in 2 Higgs doublets model,
yielding bounds that are stronger than those from other low-energy processses
and from direct collider searches [4].
Today allmost everybody in the particle physics community agrees that
B decays in general do become one of the most important classes of tests of
the SM and physics beyond the SM.
Although the quark level calculations are fairly precise in the b quark
system, one is still hampered by the lack of knowledge of the hadronic form
factors. However, in the past decade there has been extensive activity in the
form factor evaluation using the perturbative QCD technique with the help
of the HQET and from improving lattice model calculations.
The first observations of the exclusive B → K∗γ decays were reported in
1993/94 by the CLEO Collaboration [5].
On the experimental side the last two years were especially exciting since
BaBar and Belle Collaborations joined CLEO Collaboration in producing
and publishing a large number of data concerning the B meson decays.
1.2 Radiative and semileptonic B decays
The b → sγ decay is a one-loop electroweak process that arises from the
so-called penguin diagrams through the exchange of u,c,t quarks and weak
bosons, see Fig. 1, and is given by
Jµ =
{
G1s¯(γµq
2 − qµ 6q)bL + iG2 [mss¯σµνqνbL +mbs¯σµνqνbR]
}
, (1)
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Figure 1: The penguin diagrams, including the QCD short-distance correc-
tions, contributing to the b→ sγ transition.
where the first term for real photon vanishes identically, owing to the electro-
magnetic gauge condition. Using the standard parametrization of the CKM
matrix in the case of three doublets, G2 is given by
G2 =
GF√
2
e
4π2
∑
i=u,c,t
AiF2(xi); Ai = V
∗
isVib, xi = m
2
i /m
2
W , (2)
were the modified Inami–Lim function F2(xi) derived from the penguin (1-
loop) diagrams is [6]
F2(xi) =
xi
12(1− xi)4
[
(1− xi)(8x2i + 5xi − 7)− 6xi(2− 3xi) lnxi
]
. (3)
Introduction of 1-gluon exchange (QCD corrections) in penguin diagrams re-
moves the power suppression, i.e. (m2t −m2c)/m2W → ln(m2t/m2c); or one can
say that QCD corrections change the nature of the GIM cancellation from
quadratic to logarithmic [1, 2]. These QCD corrections also strongly affect
the semileptonic transitions [7]. The following properties are important to
note:
(a) the dominant contribution to the perturbative b → sγ amplitude origi-
nates from charm-quark loops;
(b) after inclusion of the QCD corrections, the top-quark contribution is less
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than 50 % of charm and it comes with opposite sign;
(c) the up-quark contribution is suppressed with respect to charm by
|V ∗usVub/V ∗csVcb| ≃ 2%.
It is necessary to consider the above facts when one attempts to extract the
CKM matrix element |Vts| from b→ sγ.
Before proceeding, it is important to note that, in the limit mq →∞ the
inclusive meson decay partial width is equal to the free quark decay partial
width. In the case of B mesons the b quark is sufficiently heavy to satisfy the
above statement:
Γ(B → Xqγ, ℓ+ℓ−)| inclusive
decay
= Γ(B → Xqγ, ℓ+ℓ−)| free quark
decay
(4)
where q represents the light quarks.
1.2.1 Complete QCD corrected weak Hamiltonian density
In the SM, B decays are described by the effective weak Hamiltonian obtained
by integrating out heavy, i.e. the top-quark, W-boson and Higgs fields:
H∆S=−1∆B=1 = 2
√
2GF
[ ∑
q=u,c
V ∗qsVqb(c1O
q
1 + c2O
q
2)− V ∗tsVtb
10∑
i=3
ciOi
]
+ h.c. (5)
The Oi’s are operators
Oq1 =
(
s¯iLγµq
j
L
) (
q¯jLγ
µbiL
)
, Oq2 =
(
s¯iLγµq
i
L
) (
q¯jLγ
µbjL
)
,
O(35)
=
(
s¯iLγµb
i
L
)∑
q′
q¯′j
(LR)
γµq′j
(LR)
, O(46)
=
(
s¯iLγµb
j
L
)∑
q′
q¯′j
(LR)
γµq′i(LR)
,
O7 =
e
16π2
mb
(
s¯iLσµνb
i
R
)
F µν , O8 =
g
16π2
mb
(
s¯iLσµνT
ij
a b
i
R
)
Gµνa ,
O9 =
e2
16π2
(
s¯iLσµνb
i
R
)
ℓ¯γµℓ, O10 =
e2
16π2
(
s¯iLσµνb
i
R
)
ℓ¯γµγ5ℓ, (6)
where F µν andGµνa are the electromagnetic and gluon interaction field strength
tensors, respectively, and e and g are the corresponding coupling constants.
The ci’s are the well-known Wilson coefficients first calculated up to the
next-to-leading order (NLO) in Ref. [8]. The calculation was performed
with the help of the renormalization group equation whose solution requires
the knowledge of the anomalous dimension matrix to a given order in αs and
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the matching conditions:
c1(µ) =
1
2
(
ξ6/23 − ξ−12/23
)
, c2(µ) =
1
2
(
ξ6/23 + ξ−12/23
)
,
c7(µ) = ξ
−16/23
[
c7(mW )− 8
3
c8(mW )
(
1− ξ2/23
)
+
232
513
(
1− ξ19/23
)]
,
c9(µ) = c9(mW )− [c1(µ) + 3c2(µ)] ln
[
(mc/µ)
−8/9
]
− 4π
αs(mW )
[
4
33
(
1− ξ−11/23
)
− 8
87
(
1− ξ−29/23
)]
(7)
The coefficient c10(µ) = c10(mW ), and ξ = αs(µ)/αs(mW ).
The Wilson coefficients at the scale mW receive the following contribu-
tions from W loops:
c7(mW ) = −1
2
A(x), c8(mW ) = −1
2
E(x), c10(mW ) =
1
s2W
[B(x)− C(x)],
c9(mW ) = −c10(mW )− 4C(x)−D(x) + 4
9
. (8)
The functions A(x),... are:
A(x) =
x
z3
(
2
3
x2 +
5
12
x− 7
12
− (2
3
x2 − x) ln x
z
)
, (9)
B(x) =
x
4z
(−1 + ln x
z
),
C(x) =
x
4z
(
1
2
x− 3 + (3
2
x+ 1)
)
ln x
z
,
D(x) =
(
−19
36
x3 +
25
36
x2 + (−1
6
x4 +
5
3
x3 − 3x2 + 16
9
x− 4
9
)
ln x
z
)
,
E(x) =
x
2z3
(
1
2
x2 − 5
2
x− 1 + 3x ln x
z
)
,
where x = (mt/mW )
2, and z = x − 1. The values of the Wilson coefficients
are calculated at the scale µ ≃ mb, for mb = 4.8 GeV, ΛM¯S = 250 MeV
and mtop = 174 GeV. The other four coefficients turns out to be very small,
i.e. at this scale they receive the following values: c3 = 0.017, c4 = −0.037,
c5 = 0.010, and c6 = −0.046.
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1.2.2 Inclusive radiative and semileptonic decays
To avoid the uncertainty inmb, it is customary to express the branching ratios
BR(b → sγ) and BR(b → sℓ+ℓ−) in terms of the dominant semileptonic
branching ratios BR(b→ cℓν¯ℓ):
Rγ ≡ Γ(b→ sγ)
Γ(b→ cℓν¯ℓ) =
6αem
πλg(m2c/m
2
b)
|V ∗tsVtb|2
|Vcb|2 |c7(mb)|
2, (10)
Rℓ+ℓ− ≡ Γ(b→ sℓ
+ℓ−)
Γ(b→ cℓν¯ℓ) (11)
=
(
αem
4π
)2 2|Vcs|2
λg(m2c/m
2
b)
[
F1(|c9|2 + |c10|2) + F3c7c9 + F2|c7|2
]
,
where the phase space factor g(m2c/m
2
b) and the QCD correction factor λ for
the semileptonic process are well known [9, 10]. We have used g(m2c/m
2
b) =
0.507 and λ = 0.888. The phase space integration from (q2)min = (2mℓ/mb)
2
to (q2)max = (1−ms/mb)2 give the following values for constants Fi [11]:
F1 = 1, F3 = 8, for (q
2)min ∼= 0, (q2)max ∼= 1,
F2 = 32 ln(mb/2mℓ), for (q
2)max ∼= 1, ℓ = e, µ, τ. (12)
The SM theoretical prediction for the inclusive radiative decay, up to NLO
[8] in αs ln(mw/mb),
BR(B → Xsγ)NLO = (3.30± 0.32)× 10−4, (13)
is considerably larger than the lowest-order result[12]:
BR(B → Xsγ)LO = (2.46± 0.72)× 10−4. (14)
Gambino and Misiak [13] performed a new analysis and reported a higher
short-distance (SD) result:
BR(B → Xsγ)SD = (3.73± 0.30)× 10−4. (15)
Let us now present and discuss the experimental results:
Based on 9.7 × 106 analysed BB¯ pairs from Υ (4s), the CLEO Collabo-
ration reported two years ago the following inclusive branching ratio [14]:
BR(B → Xsγ) = (3.22± 0.40)× 10−4. (16)
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Analysing 33× 106 BB¯ pairs, a BaBar reported 20% larger rate [15]:
BR(B → Xsγ) = 3.88× 10−4, (17)
and they also published a measurement of the inclusive branching ratio,
obtained by summing up exclusive modes, which is even larger than the
first one [16]:
BR(B → Xsγ) =
∑
i
BR(B → K∗i γ) = 4.3× 10−4. (18)
A few years ago I was reporting that the inclusive branching ratio will increase
with the number of events analysed, up to the certain point, of course [17].
The Belle Collaboration reported the first results on inclusive semileptonic
decay [18]:
BR(B → Xsℓ+ℓ−) =
(
6.1± 1.4+1.4−1.1
)
× 10−6, (19)
which is in fair agreement with our theoretical predictions for the mtop ∼= 180
GeV [7, 9, 11]. See for example Fig.1, in Ref’s [7, 11]. Note here that we
estimated the e–µ rate for the inclusive [7, 11]
BR(b→ se+e−)/BR(b→ sµ+µ−) ≃ 1.4 − 1.6. (20)
and found that the e–µ ratio has a weak dependence of mtop.
1.2.3 Exclusive radiative and semileptonic decays
Exclusive modes are, in principle, affected by large theoretical uncertainties
due to the poor knowledge of non-perturbative dynamics and of a correct
treatment of large recoil-momenta, which determine the form factors.
First we have to define the hadronic form factors. The Lorentz decompo-
sition of the penguin matrix elements for (q = p− k) is:
〈K∗(k)|s¯σµνqν(1 + γ5)b|B(p)〉 = iεµνρτ ǫ∗ν(q)(p+ k)ρqτT1(q2)
+T2(q
2)
[
ǫ∗µ(q)
(
m2B −m2K∗
)
− (pǫ∗(q))(p+ k)µ
]
+T3(q
2)(pǫ∗(q))
[
qµ − q
2
m2B −m2K∗
(p+ k)µ
]
, (21)
7
with T1(0) = T2(0) as a consequence of the spin symmetry. Note that the last
term in the square bracket vanishes for real photon. Similarly, for semilep-
tonic (and/or non-leptonic) decays, we have
〈K∗(k)|s¯γµ(1− γ5)b|B(p)〉 = −iεµνρτ ǫ∗ν(k)(p+ k)ρqτV (22)
+ǫ∗µ(k)
(
m2B −m2K∗
)
A1 − (qǫ∗(k))(p+ k)µA2
+ (qǫ∗(k)) (mB +mK∗)
(
qµ/q
2
)
[2mK∗A0 − (mB −mK∗)(A1 − A2)] ,
with the corresponding definitions of the relevant form factors
V =
V (q2)
(mB +mK∗)
, V (q2) =
V (0)
1− q2
m2
1−
, A0 =
A0(q
2)
(mB +mK∗)
, A0(q
2) =
A0(0)
1− q2
m2
0−
,
A1 =
A1(q
2)
(mB −mK∗) , A1(q
2) =
A1(0)
1− q2
m2
1+
, A2 =
A2(q
2)
(mB +mK∗)
, A2(q
2) =
A2(0)
1− q2
m2
1+
,
A0 =
mB +mK∗
2mK∗
A1(0)− mB −mK
∗
2mK∗
A2(0). (23)
In the above V and Ai, (i = 0, 1, 2) form factors, the q
2 for semileptonic
is determined by the invariant lepton pair mass squared, while for the two-
body non-leptonic decays (calculated in a factorization approximation) it is
the mass squared of the factorized meson.
Finally, the operator O7, taking into account the gauge condition, the cur-
rent conservation, the spin symmetry, and for real photon, gives a following
hadronization rate RK∗ [19, 20]:
RK∗ =
Γ(B → K∗γ)
Γ(b→ sγ) =
[
mb(m
2
B −m2K∗)
mB(m2b −m2s)
]3 (
1 +
m2s
m2b
)−1
|TK∗1 (0)|2. (24)
In Table 1 we give a few typical results for the hadronic form factors, while
in Table 2 the typical hadronization rates are given for different types of the
form factor estimates.
Since the first calculation of the hadronization rate RK∗ ≈ 7% by Desh-
pande at al. [1], a large number of papers have reported RK∗ from the range
of 3 to an unrealistic 90%. Different methods have been employed, from
quark models [1, 19, 20, 26, 36], QCD sum rules [21, 22], HQET and chiral
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Table 1: Comparison of a few different reults on form factors at q2 = 0.
Form
factors
Ref.[21]
(3ptSR)
Ref.[22]
(LCSR)
Ref.[23]
(LCSR)
Ref.[25]
(lattice+LCSR)
Ref.[24]
(LCSR)
V K∗(0) 0.47± 0.3 0.38± 0.08 0.45± 0.08 − 0.46± 0.07
AK∗1 (0) 0.37± 0.03 0.32± 0.06 0.36± 0.05 0.29 +0.4−0.03 0.34± 0.05
AK∗2 (0) 0.40± 0.03 − 0.40± 0.05 − 0.28± 0.04
TK∗1 (0) 0.38± 0.06 0.32± 0.05 0.34± 0.10 0.32+0.04−0.02 0.38± 0.06
TK∗3 (0) 0.6 − 0.26± 0.10 − 0.26± 0.04
V ρ(0) 0.6± 0.2 0.35± 0.07 0.37± 0.07 0.35+0.06
−0.05
0.34± 0.05
Aρ1(0) 0.5± 0.1 0.27± 0.05 0.30± 0.05 0.27+0.05−0.04 0.26± 0.04
Aρ2(0) 0.4± 0.2 0.28± 0.05 0.33± 0.05 0.26+0.05−0.03 0.22± 0.03
T ρ1 (0) − 0.24± 0.07 0.30± 0.10 0.32± 0.06 0.29± 0.04
T ρ3 (0) − − 0.20± 0.10 − 0.20± 0.03
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Table 2: Comparison of the results for the hadronization rate RK∗[%]
Authors Reference RK∗ [%] Model
O′Donnel (1986) [27] 97.0 −
Deshpande et al. (1987) [1] 7 CQM
Deshpande et al. (1988) [19] 6 RCQM
Altomari (1988) [26] 4.5 CQM
Deshpande, Trampetic´ (1989) [20] 6− 14 RCQM
Ali, Mannel (1991) [22] 28− 40 QCDSR
Faustov, Galkin (1992) [28] 6.5 RCQM
Colangelo et al. (1993) [21] 16± 3 3ptSR
Casalbuoni et al. (1993) [29] 8 CSL+SSHQET
+Experiment
Atwood, Soni (1994) [30] 1.6− 2.5 RCQM
Bowler et al. (1994) [31] 9.0± 3.0± 1.0 QCD on lattice
Ali, Sima (1994) [32] 12± 2 QCDSR
Bernard et al. (1994) [33] 6± 1.2± 3.4 QCD on lattice
Burford et al. (1995) [34] 15.0− 35.0 QCD on lattice
Veseli, Olsson (1996) [35] 16.8± 6.4 HQET
Aliev (1997) [23] 13± 4 LCSR
Ball, Braun (1998) [24] 16± 3 LCSR
DelDebbio et al. (1998) [25] 12+2
−1
LCSR+lattice
+constraints
Mohanta et al. (1999) [36] 12 COQM
Asatryan et al. (1999) [37] 16 NLL for
B→K∗γ
Bosch, Buchalla (2002) [38] 22 NLO pQCD type
exclusive/inclusive
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symmetry [29], QCD on the lattice [31], light cone sum rules [24], to the
perturbative QCD type of evaluations of exclusive modes [37, 38].
Concerning Ref. [38] we have to comment that even in such very complex
evaluations of exclusive modes, the hadronic form factor T1(0) was not in-
cluded as a part of first principal pQCD calculations, but was rather used as
an input from other sources [24]. Clearly, the final results of Ref [38] crucially
depend on the authors choice of T1(0).
In any event, the above form factor will be obtained in the future from
first principle calculations on the lattice. Recently, seems that the hadroniza-
tion rate RK∗ in radiative decay calculations has stabilized around 10%.
Exclusive semileptonic B decay rates, estimated for mtop ≃ 180 GeV in
Refs.[7, 9, 11],
BR(B → Ke+e−)/BR(b→ se+e−) ∼= 0.08,
BR(B → K∗e+e−)/BR(b→ se+e−) ∼= 0.20, (25)
BR(B → K∗e+e−)/BR(B → K∗µ+µ−) ∼= 1.23, (26)
were later confirmed by other authors.
The first measurements by the Belle Collaboration [39]
BR(B → Kℓ+ℓ−) = (0.75+0.25−0.21 ± 0.19))× 10
−6,
BR(B → Kµ+µ−) = (0.99+0.40−0.32
+0.13
−0.14)× 10
−6, (27)
are in good agreement with theory.
Concerning the rare B decay to the orbitally excited strange mesons, the
first CLEO [40] observation has recently been confirmed by Belle [41, 42].
These important experimental measurements provide a crucial challenge to
the theory. The exclusive radiative B decays into higher spin-1 resonances
are described by a formula similar to above:
RK∗∗ =
Γ(B → K∗∗γ)
Γ(b→ sγ) = [
mb(m
2
B −m2K∗∗)
mB(m2b −m2s)
]3(1 +
m2s
m2b
)−1|TK∗∗1 (0)|2. (28)
The K∗∗ represent all the higher resonances. Most of these theoretical ap-
proaches rely on non-relativistic quark models [19, 22, 26], HQET [35], rela-
tivistic model [43], and LCSR [44]. Different results for the hadronization rate
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RK∗∗ are presented in Table 3. Note, however, that there is a large spread be-
tween different results, because of their different treatments of long-distance
effects.
The modes based on b→ dγ represent a powerful way of determining the
CKM ratio |Vtd/Vts|. If long-distance and other non-perturbative effects are
neglected, two exclusive modes are connected by a simple relation [45]:
BR(B → ργ) = ξ2 |Vtd/Vts|2BR(B → K∗γ), (29)
where ξ measures the SU(3) breaking effects. They are typically of the order
of 30% [24]. Misiak has reported the following short-distance contributions
to the branching ratios [46]:
BR(b→ dγ) = 1.61× 10−5; BR(B+ → ρ+γ) = (1− 4)× 10−6, (30)
BR(B0 → ρ0γ) = BR(B0 → ωγ) = (0.5− 2)× 10−6. (31)
The simple isospin relations are valid for the above decay modes:
Γ(B+ → ρ+γ) = 2Γ(B0 → ρ0γ) = 2Γ(B0 → ωγ). (32)
This year, experimental results for exclusive radiative and semileptonic
decay modes, based on 33 × 106 BB¯ pairs, are coming from the Belle Col-
laboration [42]
BR(B0 → K∗0γ) =
(
4.08
+0.35
−0.33 ± 0.26
)
× 10−5,
BR(B+ → K∗+γ) =
(
4.92
+0.59
−0.54
+0.38
−0.37
)
× 10−5,
BR(B → K∗2 (1430)γ) =
(
1.50
+0.58
−0.53
+0.11
−0.13
)
× 10−5, (33)
ACP = Γ(B¯ → K¯
∗γ)− Γ(B → K∗γ)
Γ(B¯ → K¯∗γ) + Γ(B → K∗γ) =
(
3.2
+6.9
−6.8 ± 2.0
)
% ∼= 0. (34)
Using the latest results for inclusive and exclusive branching ratios, we have
obtained the following central value for the so-called hadronization rate:
RexpK∗ ≃ 10%, which is in excellent agreement with the theory.
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Table 3: Comparison of few a different results for the rate RK∗∗ [%]
.
RK∗∗[%]
Meson Ref.[19] Ref.[26] Ref.[22] Ref.[35] Ref.[43] Ref.[44]
K(494) forbidden
K∗(892) 6 4.5 3.5− 12.2 16.8± 6.4 15± 3 10.0± 4.0
K∗(1430) forbidden
K1(1270) forb. forb./6.0 4.5− 10.1 4.3± 1.6 1.5± 0.5 2.0± 0.8
K1(1400) 7 forb./6.0 6.0− 13.0 2.1± 0.9 2.6± 0.6 0.9± 0.4
K∗2(1430) 6.0 17.3− 37.1 6.2± 2.0 5.7± 1.2 5.0± 2.0
K∗(1680) 0.9 1− 1.5 0.5± 0.2 0.7± 0.3
K2(1580) 4.4 4.5− 6.4 1.7± 0.4
K(1460) forbidden
K∗(1410) 7.3 7.2− 10.6 4.1± 0.6 0.8± 0.4
K∗0(1950) forbidden
K1(1650) not given not given 1.7± 0.6 0.8± 0.3
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The BaBar Collaboration [47] produced the latest experimental results
on exclusive semileptonic B decays:
BR(B → Kℓ+ℓ−) =
(
0.78
+0.24
−0.20 ± 0.26
+0.11
−0.18
)
× 10−6,
BR(B → K∗ℓ+ℓ−) =
(
1.68
+0.68
−0.58 ± 0.26± 0.28
)
× 10−6. (35)
Measurements for exclusive modes based on the quark b→ dγ transition
were recently reported by the BaBar Collaboration [48]:
BR(B0 → ρ0γ) < 1.5× 10−6
BR(B+ → ρ+γ) < 2.8× 10−6
BR(B → ργ)/BR(B → K∗γ) < 0.34; (36)
they are considerably lower than the first CLEO results [5]. However, the
isospin relations (32) are nicely satisfied. From the BaBar measurements we
obtain the following ratio of CKM:
|Vtd|/|Vts| < 0.64 − 0.76. (37)
Note about quark models
In principle there are two types of models for describing hadrons, i.e. quark
models: non-relativistic potential and relativistic models. They are all rep-
resented mainly by the constituent quark model (CQM) and the MIT bag
model.
Almost all quark models describe the static properties of ground state
hadrons with 15% accuracy. In particular, the CQM and the MIT Bag
model have been very useful when computing the mass spectrum and static
properties such as charge radii, magnetic moments, (gA/gV )p,n, etc., of ground
state baryons. Apart from the fact that the MIT Bag model is essentially
the solution of the Dirac equation with boundary conditions, we have to
note that this model is static, which is certainly disadvantage. The MIT Bag
model also has problems in describing the particle’s higher excited states.
On the other hand the non-relativistic CQM (harmonic oscillator type,
etc.) [49, 50] could take into account the motion of the particle as a whole, but
it is not well grounded conceptually. However, these models, based on Gaus-
sian wave functions, give us the possibility to compute effects coming from
the internal quark motions as well as from the moving particle as a whole.
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These models have also been successful in computing mesonic pseudo-scalar,
vector and tensor form factors.
Note about HQET
The physical essence of the Heavy Quark Symmetry lies in the fact that
the internal dynamics of the heavy hadrons becomes independent of heavy
quark mass mQ and the quark spin when mQ is sufficiently heavy. The
heavy quark becomes a static source of colour fields in its rest frame. The
binding potential is flavour-independent and spin effects fall like 1/mQ. Light
quarks and gluons in the hadron are the same whether Q = c or Q = b (as
mc,b →∞).
In HQET the heavy quark moves with the hadron’s velocity v, so that
the heavy quark momentum is
P µQ = mQv
µ + kµ, (38)
where kµ represents the small residual momenta.
The velocity vµ in heavy quark rest frame, according to the Georgi’s
covariant description, has the very simple form vµ = (1,~0). The heavy quark
propagator has to be modified accordingly:
lim
mQ→∞
i
6PQ −mQ =
i
v · k
1 + 6v
2
+O(k/mQ) = i
v · k
1 + 6v
2
+ .... (39)
The residual momentum is in effect a measure of how off-shell the heavy
quark is. The HQET is valid for mQ >> |k| ≃ ΛQCD.
Applying the limit mQ → ∞ on the covariant form of QCD Lagrangian
for heavy quarks, we obtain:
LQCD = Q¯(i6D −mQ)Q −→ LHQET = h¯(Q)v i(v ·D)h(Q)v , (40)
From the above Lagrangian LHQET, we obtain the following Feynman rule
for the quark–quark–gluon vertex in HQET: igT avµ.
It is very important to note here that h(Q)v destroys a heavy quark of the
4-velocity vµ and does not create a correct antiquark.
Finally, this theory uses the mass of the heavy quark as an expansion
parameter, yillding predictions in terms of powers of 1/mQ.
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1.3 Long-distance and other small contributions
to inclusive and exclusive B decays
Long-distance corrections
First note that long-distance contributions for exclusive decays could not be
computed from first principles without the knowledge of the hadronization
process. However, it is possible to estimate them phenomenologically [51].
The operators O1,2 contain the c¯c current. So one could imagine the
c¯c pair propagating through a long distance, forming intermediate c¯c states
(off-shell J/ψ’s), which turn into a photon via the vector meson dominance
(VMD) mechanism. Application of the VMD mechanism on the quark level
was used by Deshpande et al. [52]. Such an approach, with a careful treat-
ment of the decay amplitude by the Lorentz and electromagnetic gauge invari-
ance, i.e. by cancelling the contributions coming from longitudinal photons,
makes it possible to form the total (short- plus long-distance) amplitude for
the b→ d(s)γ decay [52]
M(b→ dγ)|total = −eGF
2
√
2
[
V ∗tdVtb
(
mb
4π2
c7(mb)− 2
3
a2
∑
i
g2ψi(0)
m2ψimb
)
(41)
− a2
mb
V ∗udVub
(
2
3
∑
i
g2ψi(0)
m2ψi
− 1
2
g2ρ(0)
m2ρ
− 1
6
g2ω(0)
m2ω
)]
d¯σµν(1 + γ5)bFµν .
If in the above equation we replace the d by the s quark and forget the last
three terms, then we obtain the total amplitude for the b → sγ decay. It is
important to note that we have found strong suppression when extrapolating
gψ(m
2
ψ) to gψ(0): g
2
ψ(1S)(0)/g
2
ψ(1S)(m
2
ψ) = 0.13±0.04 [52]. This fact has to be
taken into account in any other approach (LCSR, pQCD, lattice-QCD, etc.)
to the long-distance problem [53].
The long distance contributions to an inclusive amplitude and to its ex-
clusive mode are all found to be small, typically of one order of magnitude
below the short distances [52].
Other small corrections
Other small corrections to the b → d(s)γ transitions come from spectator
quark contributions [54], non-perturbative effects [55] and from the fermionic
and bosonic loop effects [56].
(i) Donoghue and Petrov found that the spectator contributions to rare inclu-
sive B decays are about 5%, i.e. they give the following rise to the branching
16
ratio [54]:
∆ (BR(B → Xsγ)/BR(b→ sγ)) ≃ +1.05; (42)
(ii) Non-perturbative corrections up to the Λ2/m2c order were estimated by
Voloshin [55]. They gives the following rise to the branching ratio:
∆ (BR(b→ sγ)) ≃ +3%; (43)
(iii) Czarnecki and Marciano calculated the leading electroweak corrections
via fermionic and bosonic loops. In particular, the vacuum polarization renor-
malization of α by the fermionic loops, contributions from quarks and leptons
in the W propagator loops, the two-loop diagrams where a virtual photon
exchange gives a short-distance logarithmic contribution, etc. These correc-
tions reduce BR(b→ sγ) by ∼ 8% [56], i.e.
∆ (BR(b→ sγ)/BR(b→ ceν¯)) ≃ −(8 ± 2)%. (44)
Note that αem = 1/137 for a real photon was used.
However, all above corrections never exceed an overall ∼ 10%, and on top
of that there is a cancellation among them! So it turns out that the inclusive
branching ratio is stable and agrees well with measurements.
1.4 Non-leptonic B decays
Non-leptonic processes at the quark level involve gluons and q¯q pairs, i.e.
they are dominated by transitions b → s(d)g and b → s(d)q¯q [57, 58]. The
following non-leptonic B meson decay properties are very important:
(i) they play major a role in the determination of the unitarity triangle
parameters: α, β, and γ;
(ii) there are three decay classes:
1. pure ’tree’ contributions,
2. pure ’penguin’ contributions,
3. ’tree + penguin’ contributions;
(iii) there are two penguin topologies:
1. gluonic (QCD) penguins,
2. electroweak (EW) penguins;
(iv) the photon in EW penguin could be real (γ) or virtual (γ∗ → q¯q, ℓ¯ℓ);
(v) there are two types of decay modes:
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1. the b→ sq¯q mode,
2. the b→ dq¯q mode.
The experimental signatures for such charmless transitions are exclusive
decays such as B → ππ, πK, etc. For the b → s(d)c¯c transitions involving
charm, the exclusive decays are the very well known B → J/ψK,... and the
less known B → ηcK,... modes. These modes in general are not considerd
to belong to the rare decays. However, the modes based on b→ s ηc are just
an order of magnitude larger than the rare sector. So they are interesting
enough to be discussed in one of the next subsections.
1.4.1 The b→ sq¯q and b→ dq¯q decay modes
The calculations for these processes involve matrix elements of four-quark
operators of dimension 6, and there are difficulties to estimate these elements.
An added complication here is that charmless hadronic decays can also arise
through the tree Hamiltonian with b→ u transition. A careful study of these
modes reveals that where penguins clearly dominate in some, while the tree
contribution can be significant in others.
The calculation proceeds in two steps [59]. First we obtain the effec-
tive short-distance interaction including one-loop gluon-mediated diagram
(I). We then use the factorization approximation to derive the hadronic ma-
trix elements by saturating with vacuum state in all possible ways (II). The
resulting matrix elements involve quark bilinears between one meson state
and the vacuum, and between two meson states. These are estimated using
relativistic quark model wave functions, lattice model calculations, light cone
sum rules, the perturbative QCD type of approach, etc.
(I) To get a better understanding of the complete QCD-corrected weak
Hamiltonian density we shall discuss the gluon-mediated penguin contribu-
tion. Dictated by gauge invariance, the effective FCNC Jµ contains, as in the
electromagnetic case, two terms. The first, which is proportional to G1, we
call the charge radius, while the second, proportional to G2, is called dipole
moment operator
Jµ = s¯
i1
2
λij
{
G1(γµq
2 − qµ 6q)L+ iG2σµνqν(msL+mbR)
}
bj . (45)
Using the standard parametrization of the CKM matrix in the case of three
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Figure 2: Tree-dominated decay B+ → K+π0.
doublets, G1 is given by
G1 =
GF√
2
gs
4π2
∑
k=u,c,t
AkF1(xk), Ak = V
∗
ksVkb, xi = m
2
i /m
2
W , zk = 1− xk, (46)
where the modified Inami–Lim function F1(xi) derived from the penguin (1-
loop) diagrams is [6]
F1(xi) =
xk
12
(
1
zk
+
13
z2k
− 6
z3k
)
+
[
2
3zk
− xk
6
(
4
z2k
+
4
z3k
− 3
z4k
)]
ln xk. (47)
Note that when the gluon is on-shell (i.e. q2 = 0), the G1 term vanishes.
In the q2 6=0 cases both terms participate. For a gluon exchange diagram (i.e.
for the processes b → s(d) q¯q where momentum transfer q2 6=0) we find that
the G1 contribution dominates over G2, and we can neglect G2. At larger q
2,
G1 develops a small imaginary part, which is important for a discussion of
CP violation.
Charmless decays also arise from the standard tree level interactions with
the b→ u transition. The effects of the tree level interaction could be large
in general. The most typical example are the two decay modes of the B+
meson. The decay B+ → K+π0 is dominated by the tree diagram, while the
B+ → K0π+ is dominated by the penguin diagram; Fig.2, and 3.
(II) The factorization approximation is in order.
From experience we know that non-leptonic decays are extremely difficult
to handle. For example, the ∆I = 1/2 rule in K → ππ decays has not yet
been fully understood. A hughe theoretical machinery has been applied to
K → ππ decays, producing only partial agreement with experiment [60]. For
energetic decays of heavy mesons (D,B), the situation is somewhat simpler.
For these decays, the direct generation of a final meson by quark current is
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Figure 3: Penguin-dominated decay B+ → K0π+.
indeed a good approximation.
According to the current-field identities, the currents are proportional to
interpolating stable or quasi-stable hadron fields. The approximation now
consists only in taking the asymptotic part of the full hadron field, i.e. its
“in” or “out” field. Than the weak amplitude factorizes and is fully deter-
mined by the matrix elements of another current between the two remaining
hadron states. For that reason, we call this approximation the factorization
approximation. Note that in replacing the interacting fields by the asymp-
totic fields, we have neglected any initial- or final-state interaction of the
corresponding particles. For B decays, this can be justified by the very sim-
ple energy argument that one very heavy object decays into two light but
very energetic objects whose interactions might be safely neglected. Also,
diagrams in which a quark pair is created from vacuum will have small am-
plitudes because these quarks have to combine with fast quarks to form the
final-state meson. Note also that the 1/Nc expansion argument provides a
theoretical justification [61] for the factorization approximation, since it fol-
lows the leading order in the 1/Nc expansion [62]. Here Nc is the number of
colours.
Each of the B-decay two-body modes might receive three different contri-
butions. As an example, we give one amplitude obtained from the effective
weak Hamiltonian:
A(B+ → π+π0) = L(π0)〈π+|b¯γµ(1− γ5)d|B+〉〈π0|u¯γµγ5u|0〉 (48)
+ L(π+)〈π+|u¯γµγ5d|0〉〈π0|b¯γµ(1− γ5)u|B+〉
+ L(B+)〈π+π0|u¯γµ(1− γ5)d|0〉〈0|b¯γµγ5u|B+〉.
The coefficients L(π0), L(π+), and L(B+) contain the coupling constants,
colour factors, flavour symmetry factors, i.e. flavour counting factors and
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factors resulting from the Fierz transformation of the four-quark operators
from the effective weak Hamiltonian. The coefficients L(π0) and L(π+) cor-
respond to the quark decay diagram, whereas the L(B+) corresponds to the
so-called annihilation diagrams. These factors are different for each decay
mode, as indicated by the dependence on the final-state meson. To obtain the
amplitudes for other decay modes, one has to replace the final-state particles
with the particles relevent to that particular mode.
Finaly, we have to note that the sucessefull application of the factorization
to the B decays was prooven, in the serious of works by the Benecke group
[63]. It was performed rigorousely, in the heavy quark limit, from the basic
QCD principles.
We summarize all types of transitions in Table 4.
Next we present experimental results from the CLEO Collaboration [65]
BR(B+ → K+π0) =
(
11.6
+3.0
−2.7
+1.4
−1.3
)
× 10−6,
BR(B+ → K0π+) =
(
18.2
+4.6
−4.0 ± 1.6
)
× 10−6,
BR(B0 → K+π−) =
(
17.2
+2.5
−2.4 ± 1.2
)
× 10−6,
BR(B0 → K0π0) =
(
14.6
+5.9
−5.1
+2.4
−3.3
)
× 10−6, (49)
BR(B0 → π+π−) =
(
4.7
+1.8
−1.5 ± 0.6
)
× 10−6,
BR(B± → π±π0) =
(
5.4
+2.1
−2.0 ± 1.5
)
× 10−6, (50)
BR(B− → π−ρ0) =
(
10.4
+3.3
−3.4 ± 2.1
)
× 10−6,
BR(B¯0 → π±ρ∓) =
(
27.6
+8.4
−7.4 ± 4.2
)
× 10−6,
BR(B− → π−ω) =
(
11.3
+3.3
−2.9 ± 1.4
)
× 10−6, (51)
which are in rough agreement with the very first theoretical attempts to
predict the above measured rates [57, 58, 59, 45].
Recently from the 60 × 106 BB¯ pairs analysed from Υ (4s), the BaBar
Collaboration published the following rates [66]
BR(B0 → π+π−) = (5.4 ± 0.7 ± 0.4)× 10−6,
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BR(B0 → K+π−) = (17.8 ± 1.1 ± 0.8)× 10−6,
BR(B0 → K+K−) < 1.1× 10−6 (90% CL),
BR(B0 → π0π0) < 3.4× 10−6 (90% CL). (52)
They reconstructed a sample of B mesons (Brec) decaying to ππ and/or
πK final states, and examine the remaining charged particles in each event
to “tag” the flavour of the other B meson (Btag). The decay rate distribution
f+(f−) in the case of π
+π− and Btag = B
0(B¯0) is given by
f±(∆t) =
1
4τ
e−|∆t|/τ [1± Sππ sin(∆md∆t)∓ Cππ cos(∆md∆t)] , (53)
where τ is the mean B0 lifetime, ∆md is the eigenstate mass difference,
and ∆t = trec − ttag is the time between the (Brec) and (Btag) decays. The
asymmetry and CP -violating parameters Sππ and Cππ are defined as:
AKπ = NK−π+ −NK+π−
NK−π+ +NK+π−
, Sππ = 2Imλ
1 + |λ|2 , Cππ =
1− |λ|2
1 + |λ|2 . (54)
The experimental results are
AKπ = −0.05 ± 0.06 ± 0.01, (55)
Sππ = −0.01 ± 0.37 ± 0.07,
Cππ = −0.02 ± 0.229 ± 0.07.
For pure three diagram, through b→ uW− decay, we have
λB→π+π− =
V ∗tbVtd
VtbV
∗
td
V ∗udVub
VudV
∗
ub
. (56)
A small asymmetry AKπ disfavours many theoretical predictions and/or
models with large asymmetry.
1.4.2 Exclusive and semi-inclusive B decays based on the b→ sηc transition
The b→ sηc transition offers a unique opportunity to test our understanding
of B meson decays. The related process b → sψ is known to give the ratio
for semi-inclusive decays “B → ψ+ anything” to exclusive decays B → Kψ
and B → K∗ψ, in good agreement with data. Here we show that by taking
the ratio of processes involving ηc to those involving ψ, one can remove the
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Table 4: The leading and subleading modes for b→ s(d) q¯q transitions.
B → sq¯q Leading Secondary Sample Bd Sample Bs
modes term term Bd modes angle Bs modes angle
b→ sc¯c V ∗csVcb V ∗usVub J/ψKS β ψη 0
tree +
penguin(c−t)
only
penguin(u−t)
ηcK DsD¯s
†b→ ss¯s V ∗csVcb V ∗usVub φKS β φη′ 0
only
penguin(c−t)
only
penguin(u−t)
φK∗
b→ su¯u V ∗csVcb V ∗usVub π0KS competing φπ0 competing
b→ sd¯d only
penguin(c−t)
tree +
penguin(u−t)
ρKS terms KSK¯S terms
B → dq¯q Leading Secondary Sample Bd Sample Bs
modes term term Bd modes angle Bs modes angle
b→ dc¯c V ∗cdVcb V ∗udVtb D+D− ∗β ψKS ∗β
tree +
penguin(c−u)
only
penguin(t−u)
DsD¯s
b→ ds¯s V ∗tdVtb V ∗cdVcb φπ competing φKS competing
only
penguin(t−u)
only
penguin(c−u)
KSK¯S terms terms
b→ du¯u V ∗udVub V ∗tdVtb ππ; πρ ∗α π0KS competing
b→ dd¯d only
penguin(u−c)
tree +
penguin(t−c)
π a1 ρ
0KS terms
b→ cu¯d V ∗udVcb 0 D0π0, D0ρ0 β D0KS 0
CP eigen st. CP eigen st.
∗Leading terms only.
†See analysis of CP asymmetry in Ref. [64].
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model dependence to a large extent, and have an independent and powerful
way of determining fηc , the pseudoscalar decay constant of ηc, the S0 state
of charmonium.
The weak Hamiltonian corrected to NLO in QCD is given in subsection
1.2.1. The relevant QCD coefficients we need are:
c1 = 1.150, c2 = −0.313, c3 = 0.017,
c4 = −0.037, c5 = 0.010, c6 = −0.046. (57)
Now, we define the matrix elements
〈o|c¯γµc|ψ(q)〉 = iǫµ(q) gψ, 〈o|c¯γµγ5c|ηc(q)〉 = iqµ fηc , (58)
where g2ψ = (1.414± 0.083) GeV4 from ψ → e+e− [67]. The effective Hamil-
tonians in momentum space for the two decays are [68]:
Heffb→sψ =
GF√
2
|V ∗csVcb||Cψ|gψǫµψ(q)s¯i(k)γµ(1− γ5)bi(p),
Heffb→sηc =
GF√
2
|V ∗csVcb||Cηc|fηcqµs¯i(k)γµ(1− γ5)bi(p), (59)
where
|Cψ| = c2 + c3 + c5 + 1
Nc
(c1 + c4 + c6),
|Cηc| = c2 + c3 − c5 +
1
Nc
(c1 + c4 − c6). (60)
We shall treat Cψ and Cηc as phenomenological parameters, thus absorbing
in their definition any higher-order correction or deviation from factorization
that may arise. From Ref. [69] we use the stable ratio Cηc/Cψ = 1.132±0.026
and the |Cψ| = 0.220± 0.026, which was determined following Ref. [68].
The ratio of semi-inclusive ψ production to ηc production has been found
to be
Γ(B → Xsηc)
Γ(B → Xsψ) ≡
Γ(b→ sηc)
Γ(b→ sψ) (61)
=
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2 (
mψ
gψ
)2 (λasηc
λasψ
)1/2
× (m
2
b −m2s)2 −m2ηc(m2b +m2s)
m2b(m
2
b +m
2
ψ)−m2s(2m2b −m2ψ) +m4s − 2m4ψ
∼= 4.0(GeV −2)
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2
,
24
where λabc = (1 − m2b/m2a − m2c/m2a)2 − 4m2bm2c/m4a. A measurement of this
hadron-model-independent ratio offers a very accurate determination of fηc .
Next we consider the B → Kψ and B → Kηc exclusive modes. Using
the general Lorentz decomposition of the vector current matrix element
〈K(k)|s¯γµb|B(p)〉 = (p+ k)µf (+)KB(q2) + qµf (−)KB(q2), (62)
we found the following ratio
Γ(B → Kηc)
Γ(B → Kψ) =
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2 (
mψ
gψ
)2 (λBKηc)1/2
(λBKψ)
3/2
|f (+)KB(m2ψ)|−2
×
∣∣∣∣∣
(
1− m
2
K
m2B
)
f
(+)
KB(m
2
ηc) +
m2ηc
m2B
f
(−)
KB(m
2
ηc)
∣∣∣∣∣
2
. (63)
Since mψ ∼= mηc , we have set f (+)KB(m2ηc)/f (+)KB(m2ψ) ∼= 1. The second term in
the above ratio is ∼= −0.06, i.e. it is negligible with respect to the first term.
An essentially hadron-model-independent ratio is thus obtained:
Γ(B → Kηc)
Γ(B → Kψ)
∼= 14.2(GeV −2)
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2
. (64)
Finally, we calculate the exclusive rates for B → K∗ψ and B → K∗ηc.
Taking the general Lorentz decomposition of the relevant (V–A) current from
subsection 1.2.3, we obtain the hadron-model-dependent ratio
Γ(B → K∗ηc)
Γ(B → K∗ψ) =
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2 (
mB +mK∗
gψ
)2 (λBK∗ηc
λBK∗ψ
)3/2
|A0|2 (65)
×
[
2|V |2 +
(
3
λBK∗ψ
+
m4B
4m2K∗m
2
ψ
)(
1− m
2
K∗
m2B
)
|A1|2
+
(
m4B
4m2K∗m
2
ψ
)
λBK∗ηc|A2|2
−
(
m4B
2m2K∗m
2
ψ
)(
1− m
2
ψ
m2B
− m
2
K∗
m2B
)(
1− m
2
K∗
m2B
)
A1A2
]−1
.
This ratio can be represented as
Γ(B → K∗ηc)
Γ(B → K∗ψ) = R
∣∣∣∣∣fηcCηcCψ
∣∣∣∣∣
2
, (66)
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where the factor R depends on the hadronic model used. We consider a
number of different models to estimate that factor. Extensive discussion and
various values of a factor R are given in Ref. [69].
To estimate branching ratios for B → Xsηc, B → Kηc and B → K∗ηc
decays, one has to know the pseudoscalar decay constant fηc . Theoretically,
like the value of gψ, the quantity fηc can be related to the wave function of
the S-state of the charmonium at the origin:
g2ψ = 12mψ|ψ(0)|2, f 2ηc = 48
m2c
m2ηc
|ψ(0)|2. (67)
Without QCD corrections the above expressions give fηc
∼= 350 MeV. The
QCD corrections are significant but approximately cancel in the inclusive
ratio.
A non-perturbative estimate of fηc based on QCD sum rules [70] could
be more reliable. Following Ref. [70] we have found fηc = (300± 50) MeV.
Using the central value of fηc = 300 MeV, and taking the ratio |Cηc/Cψ| =
1.132, we estimate the following branching ratios [69]:
BR(B → Xsηc) = (4.61± 1.15)× 10−3,
BR(B− → K−ηc) = (1.80± 0.29)× 10−3,
BR(B0 → K0ηc) = (1.23± 0.41)× 10−3,
BR(B− → K∗−ηc) = R(0.21± 0.07)× 10−3,
BR(B0 → K∗0ηc) = R(0.20± 0.04)× 10−3. (68)
In summary we have shown a very accurate technique of measuring fηc
from the measurement of relevant inclusive and exclusive branching ratios
by predicting branching ratios of exclusive and inclusive ratios for the most
important modes [69]. Note also that the measurement of B → K∗ηc probes
the spin-0 part of the axial form factor and, again, provides a useful check of
the model building.
The BaBar Collaboration presented, a few months ago the first measure-
ments of the above branching ratios [71]. Their results,
BR(B+ → K+ηc) = (1.50± 0.19± 0.15± 0.46)× 10−3,
BR(B0 → K0ηc) = (1.06± 0.29± 0.11± 0.33)× 10−3, (69)
are almost perfectly placed within our predicted rates.
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Taking the central BR values, from the charge and from the neutral de-
cay mode measurements, we obtain fηc = 274 MeV and fηc = 279 MeV,
respectively.
1.5 Discussion and conclusions on the rare B meson decays
As part of the discussion, I will first present interesting results on forward–
backward asymmetry in B¯ → K¯∗µ+µ− decay and the possibility that new
physics arise through non-standard b¯sZ coupling [72]:
A(B¯)FB(s) =
(
dΓ(B¯ → K¯∗µ+µ−)
ds
)−1
(70)
×
∫ 1
−1
d(cos θ)
d2Γ(B¯ → K¯∗µ+µ−)
dsd(cos θ)
sgn(cos θ),
where, in the µ+µ− c.m.s., the variable s = m2µ+µ−/m
2
B.
Since the lepton current has only (V–A) structure, then asymmetry A(B¯)FB
provides a direct measure of the A♦V interference. The asymmetry after
integration is proportional to
A(B¯)FB(s) ∼ Re
[
C∗10
(
sCeff9 (s) + α+(s)
mb
mB
C7
)]
. (71)
Fig. 4, from Ref. [72], shows very nicely the asymmetry as a function of the
variable s. From this the following conclusions could be drawn:
(1) in the case of CP conservation in the SM, we have A(B¯)FB = −A(B)FB;
(2) because of hadronic uncertainties the A(B¯)FB(s0|SM ∼= 0.1) = 0 at the 10%
level;
(3) in the SM A(B¯)FB(s > s0) > 0 and sgnC10 change in the presence of non-
standard b¯sZ vertex, which is the sign of new physics;
(4) the CP violation
aCP(B¯ → K¯∗µ+µ−) = A
(B¯)
FB(s) +A(B)FB(s)
A(B¯)FB(s)−A(B)FB(s)
(72)
could rise up to 10% in the presence of new physics in the b¯sZ vertex;
(5) the resonant c¯c background was eliminated by taking the cut at s < 0.3.
The short-distance contributions are then reduced by ≃ 60% in agreement
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Figure 4: The forward-backward asymmetry AFB(B¯ → K¯∗µ+µ−)(s) includ-
ing nonperturbative effects from the resonant c¯c background [72].
28
with Refs [9, 46].
A few important points have to be emphasized.
The so-called spectator-quark contributions [54] and the first calculable
non-perturbative, essentially long-distance, correction [55] to the inclusive
rate are of the order of a few per cent. It has also been proved that the
fermionic (quarks and leptons) and photonic loop corrections to b → sγ re-
duce BR(b→ sγ)/BR(b→ ceν¯) by ∼ 8± 2% [56]. Consequently, it is more
appropriate to use αem = 1/137 for the real photon emission [46, 56].
In general, we can conclude that, in theory, more effort is required in
calculating quark (inclusive) decays through higher loops. A better under-
standing of bound states of heavy–light quarks (B meson etc.) and highly
recoiled light quark bound states (K∗, ρ, . . . ) is desirable. This can be
achieved by inventing new, more sophisticated perturbative methods [73]
and applying them to the calculation of radiative B meson decays, which
incorporate the full spectrum of quark bound states (K∗, ρ, K∗1 , . . . ). In any
case it looks like hadronic form factors will be obtained in the future from
basic-principle QCD calculations on the lattice.
In experiment, with a larger amount of data, we might expect a regular
but smaller and smaller increase of inclusive and exclusive branching ratios,
and consequently stabilization of the hadronization rates: RK∗, Rρ, RK∗∗ ,
etc.; determinations of BR(B → K∗1γ) and some other, higher K∗∗ resonant
modes; first measurements of BR(b → dγ), BR(B → ργ), and many other
inclusive and exclusive rare B meson decay modes.
29
2 Forbidden decays
On non-commutative space, the non-commutative Standard Model (NCSM)
allows new, usually SM-forbidden interactions: for exapmle, triple-gauge bo-
son, fermion–fermion–2 gauge bosons interactions, photon coupling to left-
handed and to sterile (right-handed) neutrinos, etc. In these lectures we
concentrate on decays, forbidden in the SM due to the Lorentz and gauge in-
variance. They are Z → γγ and Z → gg decays, from the gauge sector of the
NCSM, the flavour-changing K → πγ, D → (π,K)γ, and B → (π,K,D)γ
decays from the hadron sector, and the “transverse plasmon” decay to neu-
trino antineutrino pairs, i.e. γpl → νν¯.
For the gauge sector, it was necessary to construct the model, which we
name it “non-minimal NCSM”, which gives the triple-gauge boson couplings.
To consider plasmon decay we constructed the non-commutative Abelian ac-
tion and estimate the rate Γ(γpl → νν¯). For forbidden decays in the flavour-
changing hadron sector, we constructed the effective, point-like, photon ×
current × current interaction based on the minimal NCSM. The corrections
due to the strong interactions are also taken into account. The branching
ratio for K+ → π+γ decay estimated, in the static-quark approximation and
at a non-commutativity scale of order 1/4 TeV, is predicted to be of the order
of 10−16.
2.1 Introduction to the non-commutative gauge theories
The idea that coordinates may not commute can be traced back to Heisen-
berg. A simple way to introduce a non-commutative structure into spacetime
is to promote the usual spacetime coordinates x to non-commutative (NC)
coordinates xˆ with [74]–[79]
[xˆµ, xˆν ] = iθµν , [θµν , xˆρ] = 0, (73)
where θµν is a constant, real, antisymmetric matrix. The non-commutativity
scale ΛNC is fixed by choosing dimensionless matrix elements c
µν = Λ2NC θ
µν
of order 1. The original motivation to study such a scenario was the hope
that the introduction of a fundamental scale could deal with the infinities of
quantum field theory in a natural way.
Apart from many technical merits, the possibility of a non-commutative
structure of space-time is of interest in its own right, and its experimental
discovery would be a result of fundamental importance.
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Note that the commutation relation (73) enters in string theory through
the Moyal–Weyl star product
f ⋆ g =
∞∑
n=0
θµ1ν1 · · · θµnνn
(−2i)nn! ∂µ1 . . . ∂µnf · ∂ν1 . . . ∂νng, (74)
which for coordinates is: xµ ⋆ xν − xν ⋆ xµ = iθµν .
Experimental signatures of non-commutativity have been discussed from
the point of view of collider physics [80]–[83] as well as low-energy non-
accelerator experiments [83]–[85]. Two widely disparate sets of bounds on
ΛNC can be found in the literature: bounds of order 10
11 GeV [84] or
higher [83], and bounds of a few TeV from colliders [80]–[82]. All these
limits rest on one or more of the following assumptions, which may have to
be modified:
(a) θ is constant across distances that are large with respect to the NC scale;
(b) unrealistic gauge groups;
(c) non-commutativity down to low-energy scales.
Non-commutative gauge field theory (NCGFT) as it appears in string the-
ory is, strictly speaking, limited to the case of U(N) gauge groups, where the
Seiberg–Witten (SW) map [86] plays an essential role since it does express
non-commutative gauge fields in terms of fields with ordinary “commuta-
tive” gauge transformation properties. A method of constructing models on
non-commutative space-time with more realistic gauge groups and particle
content has been developed in a series of papers by the Munich group [87]
and [88], culminating in the construction of the NCSM [89].
This construction for a given NC space rests on few basic ideas, which it
was necessary to incorporate [90]:
(1) non-commutative coordinates,
(2) the Moyal–Weyl star product,
(3) enveloping algebra-valued gauge transformation has to be used,
(4) Seiberg–Witten map as a most important new idea.
(5) Concepts of covariant coordinates, locality, gauge equivalence, and con-
sistency conditions had to be maintained.
The problems that are solved in this approach include, in addition to the
introduction of general gauge groups, the charge quantization problem of NC
Abelian gauge theories and the construction of covariant Yukawa couplings.
There are two essential points in which NC gauge theories differ from
standard gauge theories. The first point is the breakdown of Lorentz invari-
ance with respect to a fixed non-zero θµν background (which obviously fixes
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preferred directions) the second is the appearance of new interactions (triple-
photon coupling, for example) and the modification of standard ones. Both
properties have a common origin and appear in a number of phenomena.
2.2 Non-commutative standard model decays
2.2.1 Gauge sector: Z → γγ, gg decays
Strictly SM forbidden decays coming from the gauge sector of the NCSM
could be probed in high energy collider experiments. This sector is partic-
ularly interesting from the theoretical point of view. Our main results are
summarized in (89) to (92).
The general form of the gauge-invariant action for gauge fields is [89]
Sgauge = −1
2
∫
d4xTr
1
G2
F̂µν ⋆ F̂
µν . (75)
Here Tr is a trace and G is an operator that encodes the coupling constants
of the theory. Both will be discussed in detail below. The NC field strength
is
F̂µν = ∂µV̂ν − ∂ν V̂µ − i[V̂µ ⋆, V̂ν ] (76)
and V̂µ is the NC analogue of the gauge vector potential. The Seiberg–
Witten maps are used to express the non-commutative fields and parameters
as functions of ordinary fields and parameters and their derivatives. This
automatically ensures a restriction to the correct degrees of freedom. For the
NC vector potential, the SW map yields
V̂ξ = Vξ +
1
4
θµν{Vν, (∂µVξ + Fµξ)}+O
(
θ2
)
, (77)
where Fµν ≡ ∂µVν−∂νVµ−i[Vµ, Vν ] is the ordinary field strength and Vµ is the
whole gauge potential for the gauge group GSM ≡ SU(3)C×SU(2)L×U(1)Y :
Vµ = g
′Aµ(x)Y + g
3∑
a=1
Bµ,a(x)T
a
L + gs
8∑
b=1
Gµ,b(x)T
b
S. (78)
It is important to realize that the choice of the representation in the definition
of the trace Tr has a strong influence on the theory in the non-commutative
case. The reason for this is that, owing to the Seiberg–Witten map, terms of
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higher than quadratic order in the Lie algebra generators will appear in the
trace. The adjoint representation as, a natural choice for the non-Abelian
gauge fields, shows no triple-photon vertices [89, 91].
The action that we present here should be understood as an effective
theory. According to [89], we choose a trace over all particles with differ-
ent quantum numbers in the model that have covariant derivatives acting
on them. In the SM, these are, for each generation, five fermion multiplets
and one Higgs multiplet. The operator G, which determines the coupling
constants of the theory, must commute with all generators (Y, T aL, T
b
S) of the
gauge group, so that it does not spoil the trace property of Tr, i.e. the G
takes on constant values g1, . . . , g6 on the six multiplets (Table 1 in Ref. [89]).
The action up to linear order in θ allows new triple gauge boson interac-
tions that are forbidden in the SM and has the following form [92]:
Sgauge = −1
4
∫
d4x fµνf
µν (79)
− 1
2
∫
d4xTr (FµνF
µν)− 1
2
∫
d4xTr (GµνG
µν)
+ gs θ
ρτ
∫
d4xTr
(
1
4
GρτGµν −GµρGντ
)
Gµν
+ g′
3
κ1θ
ρτ
∫
d4x
(
1
4
fρτfµν − fµρfντ
)
fµν
+ g′g2κ2 θ
ρτ
∫
d4x
3∑
a=1
[
(
1
4
fρτF
a
µν − fµρF aντ )F µν,a+ c.p.
]
+ g′g2sκ3 θ
ρτ
∫
d4x
8∑
b=1
[
(
1
4
fρτG
b
µν − fµρGbντ )Gµν,b+ c.p.
]
,
where c.p. means cyclic permutations in f . Here fµν , F
a
µν , and G
b
µν are
the physical field strengths corresponding to the groups U(1)Y , SU(2)L, and
SU(3)C , respectively. The constants κ1, κ2, and κ3 are functions of 1/g
2
i (i =
1, ..., 6) and have the following form:
κ1 = − 1
g21
− 1
4g22
+
8
9g23
− 1
9g24
+
1
36g25
+
1
4g26
,
κ2 = − 1
4g22
+
1
4g25
+
1
4g26
,
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κ3 = +
1
3g23
− 1
6g24
+
1
6g25
. (80)
In order to match the SM action at zeroth order in θ, three consistency
conditions have been imposed in (79):
1
g′2
=
2
g21
+
1
g22
+
8
3g23
+
2
3g24
+
1
3g25
+
1
g26
,
1
g2
=
1
g22
+
3
g25
+
1
g26
,
1
g2s
=
1
g23
+
1
g24
+
2
g25
. (81)
These three conditions, together with the requirement that 1/g2i > 0, define
a three-dimensional simplex in the six-dimensional moduli space spanned by
1/g21, ..., 1/g
2
6. Since the last three couplings in (79) are not uniquely fixed by
the NCSM, they need to be determined through the various types of physical
processes, such as decays and collisions, unpolarized-polarized, etc.
From the action (79) we extract the neutral triple-gauge boson terms
which are not present in the SM Lagrangian. In terms of physical fields
(A,Z,G) they are [92]
Lγγγ = e
4
sin 2θW Kγγγθ
ρτAµν (AµνAρτ − 4AµρAντ ) ,
Kγγγ =
1
2
gg′(κ1 + 3κ2); (82)
LZγγ = e
4
sin 2θW KZγγ θ
ρτ [2Zµν (2AµρAντ − AµνAρτ )
+ 8ZµρA
µνAντ − ZρτAµνAµν ] ,
KZγγ =
1
2
[
g′
2
κ1 +
(
g′
2 − 2g2
)
κ2
]
; (83)
LZZγ = LZγγ(A↔ Z),
KZZγ =
−1
2gg′
[
g′
4
κ1 + g
2
(
g2 − 2g′2
)
κ2
]
; (84)
LZZZ = Lγγγ(A→ Z),
KZZZ =
−1
2g2
[
g′
4
κ1 + 3g
4κ2
]
; (85)
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Figure 5: The three-dimensional simplex that bounds possible values for
the coupling constants Kγγγ , KZγγ and KZgg at the MZ scale. The ver-
tices of the simplex are: (−0.184, −0.333, 0.054), (−0.027, −0.340, −0.108),
(0.129, −0.254, 0.217), (−0.576, 0.010, −0.108), (−0.497, −0.133, 0.054) and
(−0.419, 0.095, 0.217).
LZgg = LZγγ(A→ Gb),
KZgg =
g2s
2
[
1 + (
g′
g
)2
]
κ3; (86)
Lγgg = LZgg(Z → A),
Kγgg =
−g2s
2
[
g
g′
+
g′
g
]
κ3, (87)
where Aµν ≡ ∂µAν − ∂νAµ, etc. Fig. 5 shows the three-dimensional simplex
that bounds allowed values for the dimensionless coupling constants Kγγγ ,
KZγγ and KZgg. For any choosen point within simplex in Fig. 5, the re-
maining three coupling constants (84, 85, 87), i.e. KZZγ, KZZZ and Kγgg
respectively, are uniquely fixed by the NCSM. This is true for any combina-
tion of three coupling constants from Eqs. (82) to (87).
Experimental evidence for non-commutativity coming from the gauge sec-
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tor that should be searched for in processes involve the above couplings. The
simplest and most natural choice are the Z → γγ, gg decays, allowed for
real (on-shell) particles. All other simple processes, such as γ → γγ, gg,
and Z → Zγ, ZZ, are on-shell-forbidden by kinematics. The Z → γγ, gg
decays are strictly forbidden in the SM by Lorentz and gauge invariance;
both could therefore serve as a clear signal for the existence of space-time
non-commutativity.
There is huge interest among the experimentalists to find the anomalous
triple-gauge boson couplings [93], since such observation would certainly con-
tribute to the discovery of physics beyond the SM. The experimental upper
bound, obtained from the e+e− → γγ annihilation, for Z → γγ, is:
Γ(Z → γγ) <

5.2
5.5
14.0
× 10
−5 GeV,

from L3 [94]
from DELPHI [95]
from OPAL [96]
 . (88)
Note that the Z → γγ process has a tiny SM background from the rare
Z → π0γ, ηγ decays. At high energies, the two photons from the π0 or η
decay are too close to be separated and they are seen in the electromagnetic
calorimeter as a single high-energy photon [97]. The SM branching ratios
for these rare decays are of order 10−11 to 10−10 [98]. This is much smaller
than the experimental upper bounds which are of order 10−5 for the all three
branching ratios (Z → γγ, π0γ, ηγ) [67].
The Z → gg decay mode should be observed in Z → 2 jets processes.
However, it could be smothered by the strong Z → qq¯ background, i.e.
by hadronization, which also contains NC contributions. Since the hadronic
width of the Z is in good agreement with the QCD-corrected SM, the Z → gg
can be at most a few per cent. Taking into account the discrepancy between
the experimentally observed hadronic width for the Z-boson and the theoret-
ical estimate based on the radiatively corrected SM, we estimate the upper
bound for any new hadronic mode, such as ΓZ→gg to be ∼ 10−3 GeV [67].
We now derive the partial widths for the Z(p)→ γ(k) γ(k′) decay. From
the Lagrangian LZγγ, it is easy to write the gauge-invariant amplitudeMZ→γγ
36
in momentum space, which gives:
∑
spins
|MZ→γγ|2 = −θ2 + 8
M2Z
(pθ2p)− 16
M4Z
(kθk′)2 . (89)
From the above equation and in the Z-boson rest frame, the partial width
of the Z → γγ decay is [92]:
ΓZ→γγ =
α
12
M5Z
Λ4NC
sin2 2θWK
2
Zγγ
[
7
3
( ~Eθ)
2 + ( ~Bθ)
2
]
, (90)
where ~Eθ = (c
01, c02, c03) and ~Bθ = (c
23, c13, c12), are responsible for time–
space and space–space non-commutativity, respectively. This result differs
essentially from that given in [83], where the ΓZ→γγ partial width depends
only on time–space non-commutativity.
For the Z-boson at rest and polarized in the direction of the 3-axis, we
find that the polarized partial width is [92]
ΓZ3→γγ =
α
4
M5Z
Λ4NC
sin2 2θW K
2
Zγγ
×
[
2
5
(
(c01)2 + (c02)2
)
+
23
15
(c03)2 + (c12)2
]
. (91)
In the absence of time–space non-commutativity a sophisticated, sensibly
arranged polarization experiment could in principle determine the vector of
~Eθ. A NC structure of space-time may depend on the matter that is present.
In our case it is conceivable that the direction of ~Eθ, ~Bθ may be influenced
by the polarization of the Z particle. In this case, our result for the polarized
partial width is particularly relevant.
Since the Lagrangians LZγγ and LZgg have the same Lorentz structure,
we find
ΓZ→gg
ΓZ→γγ
=
ΓZ3→gg
ΓZ3→γγ
= 8
K2Zgg
K2Zγγ
. (92)
The factor of 8 in the above ratios is due to colour.
In order to estimate the NC parameter from upper bounds ΓexpZ→γγ <
1.3× 10−4 GeV and ΓexpZ→gg < 1× 10−3 GeV [67] it is necessary to determine
the range of couplings KZγγ and KZgg. The allowed region for the coupling
constants KZγγ and KZgg is given in Fig. 6. Since KZγγ and KZgg could be
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Figure 6: The allowed region for KZγγ and KZgg at the MZ scale, pro-
jected from the simplex given in Fig.5. The vertices of the polygon
are (−0.254, 0.217), (−0.333, 0.054), (−0.340, −0.108), (0.010, −0.108) and
(0.095, 0.217).
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Figure 7: The allowed region for KZγγ and Kγγγ at the MZ scale, pro-
jected from the simplex given in Fig.5. The vertices of the polygon
are (−0.333, −0.184), (−0.340, −0.027), (−0.254, 0.129), (0.095, −0.419),
(0.0095, −0.576), and (−0.133, −0.497).
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Figure 8: The allowed region for Kγγγ and KZgg at the MZ scale, pro-
jected from the simplex given in Fig.5. The vertices of the polygon are
(−0.108, −0.576), (−0.108, −0.027), (0.217, 0.129), (0.217, −0.419), and
(0.054, −0.497).
zero simultaneously, it is not possible to extract an upper bound on θ from
the above experimental upper bounds alone.
To succeed in estimating θ, we should consider an extra interaction from
the NCSM gauge sector, in particular triple-photon vertices. From the sim-
plex we find that the triplet of coupling constants Kγγγ , KZγγ and KZgg,
as well as the pair of couplings Kγγγ and KZγγ , cannot vanish simultane-
ously (see e.g. Fig. 7) and that it is possible to estimate θ from the NCSM
gauge sector through a combination of various types of processes containing
the γγγ and Zγγ vertices. These are processes of the type 2 → 2, such as
e+e− → γγ, eγ → eγ, and γγ → e+e− in leading order. Such inclusion of
other triple-gauge boson interactions sufficientlly reduce available parameter
space. The analysis has to be carried out in the same way as in Ref. [81].
Theoretically consistent modifications of relevant vertices are, however, nec-
essary. The allowed region for pairs of couplings Kγγγ and KZgg is presented
in Fig. 8.
2.2.2 Hadron sector – flavour changing decays: K → πγ, ...
From the action (55) in Ref. [89], for quarks that couples to an non-Abelian
gauge boson in a non-commutative background, we obtain the explicit formu-
las for the electroweak charged currents in the leading order of the expansion
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in θ:
LCC =
(
u¯ c¯ t¯
)
L
J+VCKM

d
s
b

L
+
(
d¯ s¯ b¯
)
L
J−V
∗
CKM

u
c
t

L
, (93)
were J± are given in eqs. (72) and (73) of Ref. [89]. Note that for left-handed
quarks the hypercharge Y = 1/6.
Isolating terms linear in W and A fields, we have found the following
charged current:
ψ¯J+ψ
′ =
g√
2
ψ¯γµW+µ ψ
′ − g
2
√
2
sin θwψ¯
(
1
2
θµνγα + θναγµ
)
×
[
1
3
(
AµνW
+
α −
1
2
W+µνAα
)
+
(
AµW
+
ν −AνW+µ
)
∂α
]
ψ′, (94)
with Aµν ≡ ∂µAν − ∂νAµ, etc.
To simplify the calculation of the K → πγ decay rate, I use the static-
quark approximation (sqa) in the following way.
First we modify the charged current by applying the integration by parts
on the ψ¯W+µνAαψ term of the above equation. We then use the static-quark
approximation in the above equation by neglecting all derivatives acting on
quark fields, i.e. by putting ∂αψ = ∂αψ¯ = 0, and obtain the following
expression:
ψ¯J+ψ
′ =
g
3
√
2
ψ¯γµW+µ ψ
′ − g
2
√
2
sin θwψ¯
(
1
2
θµνγα + θναγµ
)
×
[
AµνW
+
α −
1
2
(
(∂νAα)W
+
µ − (∂µAα)W+ν
)]
ψ′. (95)
The contributions to the K → πγ decay amplitude come from the Feynman
diagrams given in Fig. 9. The first two classes of diagrams in there, by
integrating out the heavy W+-boson field, effectively shrink into the fifth
diagram, which represents in the momentum space, the effective, gauge-
invariant, point-like, non-commutative photon × current × current inter-
action Hamiltonian [99] in the static-quark approximation, responsible for
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Figure 9: Free quark Feynman diagrams representing the procedure of de-
duction of the point-like photon × current × current interaction Hamiltonian
in the minimal NCSM. The diagram with double W+ exchange is given for
the sake of completeness, since its contributions are suppressed by G2F and
consequently neglected. QCD corrections are indicated. The different com-
binations of q¯1, q¯2, qi and qf produce different decay modes. For example the
combination (s¯u)→ (d¯u)γ represents the K+ → π+γ decay mode.
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SM-forbidden K(k)→ π(p)γ(q) decay:
HsqaNCSM(Ajj
†) = i
2
√
2
3
e GF V
∗
usVud (ǫµ(q) J
µ(k, p)) ; (96)
Jµ(k, p) = qν (θ
µνjα + θναjµ + θαµjν) j†α; q = k − p;
(θµνjα + θναjµ + θαµjν) j†α =
(
ψ¯sLθ
µναψuL
) (
ψ¯dLγαψ
u
L
)†
;
θµνα = θµνγα + θναγµ + θαµγν ,
where ǫµ(q) is the photon polarization vector. Note that in the calculation
of the diagrams in Fig. 9 we were using the valence quark approximation,
i.e. the fact that quark–antiquark pairs in K+ and π+ mesons are collinear.
The flavour-changing parts of the charge current are defined as
jµL =
1
2
s¯γµ(1− γ5)u; jµ†L =
(
1
2
d¯γµ(1− γ5)u
)†
. (97)
Before proceeding to the next step of our calculations, we have to discuss
the possible LSM + LNCSM contributions that come from the diagrams where
the photon is attached to the quark and to the boson fields. Considering
only vertices from SM and NCSM up to linear order in θ, it is clear from
diagrams in Fig. 9 that we have to analyse altogether five diagrams. Vertices
in diagrams are of the following type: jSMnc (q¯qγ) + j
NCSM
nc (q¯qγ), j
SM
+ (q¯qW ) +
jNCSM+ (q¯qW ), and j
SM
nc (WWγ) + j
NCSM
nc (WWγ).
First, the terms coming from the neutral currents (eq.(74) of Ref. [89]) are
absent due to the static-quark approximation, i.e. diagrams where photons
are attached to quark fields do not contribute. Second, isolating the WWA
terms from eq. (74) of Ref. [89], we obtain a structure containing terms with
power proportional to eg2, the same as for the pure SM diagram. However,
integrating out heavyW fields [100], it is easy to see that diagrams contribute
to the amplitude with power proportional to eG2F , and consequently we could
safely neglect them.
The next important step is to introduce QCD effects, by considering
gluon exchange contributions; see e.g. sixth diagram in Fig. 9. All the other
contributions that originate from diagrams that contain vertices with more
than two gauge bosons (for example photon–photon–W) are of order θ2. We
also note that a diagram with a photon–gluon–gluon vertex does not exist
in the minimal NCSM [89]. Because of this QCD corrections to the NCSM
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photon×current×current Hamiltonian are not affected by non-commutative
terms, i.e. they remain the same as in the case of the SM QCD enhanced
effective weak Hamiltonian [100]. This way, for the above current × current
interactions, we have(
jµLj
†
Lν
)eff
QCD
=
1
8
(c−O− + c+O+) , (98)
where the operators O∓ are defined in the usual way [100]:
O∓ = s¯iγµ(1− γ5)uiu¯jγν(1− γ5)dj ∓ s¯iγµ(1− γ5)diu¯jγν(1− γ5)uj, (99)
with upper i, j indices defining the colour quantum numbers. The one-loop
corrections, i.e. the QCD enhancement (suppression) coefficients c− (c+) at
the renormalization scale µ ≃ 1 GeV, and ΛQCD ≃ 0.2 GeV receive the
following values c− ≃ 2.1, c+ ≃ 0.4. Consequently, branching ratios receive
an order of magnitude enhancement and/or suppression due to the QCD
corrections.
Now we proceed with the calculation of the K+ → π+γ decay. The
hadronic matrix element 〈π|jj†|K〉 in the vacuum saturation approximation
has the following form:
〈π+(p)|
(
jµLj
†
Lν
)eff
QCD
|K+(k)〉
=
1
12
(c− + 2c+)〈π+(p)|u¯γµγ5d|0〉〈0|s¯γνγ5u|K+(k)〉
=
1
12
(c− + 2c+) (−ipµfπ) (ikνfK) . (100)
From the above expressions we found the amplitude for the K+ → π+γ
decay (with q = k − p):
MsqaKπγ =
i
3
√
2
eGF V
∗
usVudfπfK
1
3
(c− + 2c+)
× ǫµ(q)
[
q˜µ(pk) + pµ(qθk)− k˜µ(pq)
]
. (101)
Taking the kaon at rest and performing the phase-space integrations, from
the gauge-invariant amplitude MsqaKπγ,∑
spins
|MKπγ|2 = 1
18
e2G2F |V ∗usVud|2f 2πf 2K
1
9
(c− + 2c+)
2 (102)
×
[
q˜q˜(pk)2 − 2q˜k˜(pk)(pq) + k˜k˜(pq)2 − (qθk)2p2
]
,
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we obtain the following expression for the branching ratio:
BRsqa(K+ → π+γ) = τK+Γ(K+ → π+γ) (103)
=
τK+α
1728
G2Ff
2
πf
2
K |V ∗usVud|2
1
9
(c− + 2c+)
2
× m
5
K
Λ4NC
(
1− m
2
π
m2K
)3 (1− m2π
m2K
)2 3∑
i=1
(c0i)2 +
(
1 +
m2π
m2K
)2 3∑
i,j=1
i<j
(cij)2
 .
The QCD corrections turn out not to be of particular importance for
our charged decay mode K+ → π+γ. However, the neutral decay mode
K0 → π0γ is suppressed by a factor of (c− − 2c+)2/2(c− + 2c+)2 relative to
the charged one, owing to isospin and to the QCD corrections.
To maximize the branching ratio due to the effect of non-commutativity
we assume that the square bracket in the above expression takes the value
of 2. We are taking experimentay known quantities such as masses: mπ+ ,
mK+, mD+ and mB+ , mean lives: τK+, τD+ and τB+ , CKM matrix elements:
|Vud|, |Vus| and |Vcd|, and pseudoscalar meson decay constants: fπ+ , fK+ and
fD+s from the Particle Data Group [67]. We find the CKM matrix element|Vub| = 0.0037 in recently published BaBar results [101]. Finally, we are using
decay constants fD+ = 215 MeV and fB+ = 186 MeV from recent lattice
calculations reported in Ref. [102]. The branching ratio for K+ → π+γ as a
function of the non-commutative scale ΛNC is:
BR(K+ → π+γ) ≃ 1.0× 10−5 (1GeV
4)
Λ4NC
, (104)
while the other interesting modes could easily be found from the following
ratios:
BR(K+ → π+γ) : BR(D+s → π+γ) : BR(D+ → π+γ) : BR(B+ → π+γ)
∼= 1 : 2.40 : 0.20 : 0.01. (105)
A very interesting mode is the D+s → π+γ decay, since it dominates the other
modes, because of the absence of the CKM suppression. The branching ratios
for B+ → (K+, D+)γ modes are very small.
For the non-commutativity scale of 0.10, 0.25, 0.50, 1.0 TeV we have
found values of the branching ratio BR(K+ → π+γ) ≃ 1.0 × 10−13, 2.6 ×
10−15, 1.6× 10−16, and 1.0× 10−17, respectively.
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All the above statements are of course true only in the static-quark ap-
proximation.
Gauge invariance and the K → πγ decay in the SM
To show the correctness of our estimate of the BR(K → πγ) within the
NCSM we will next prove that the amplitude for K → πγ decay vanishes in
the SM because of the electromagnetic gauge condition.
There are two contributions to the decay amplitude A(K → πγ)|SM :
(P) the free quark amplitude arising from the 1-loop penguin diagrams
Fig. 1: Apeng.(K → πγ)|SM ,
(T) the free quark amplitude coming out of tree diagrams
Fig. 9: Atree(K → πγ)|SM , so that we have
A(K → πγ)|SM = Apeng.(K → πγ)|SM + Atree(K → πγ)|SM (106)
The proof that A(K → πγ)|SM = 0 proceeds in the following steps.
(1) We write the SM penguin contributions to the free quark amplitude.
(2) The five free quark diagrams with a photon coming out of quark legs
and the photon out of the W propagator, from Fig. 9, contribute to the SM
tree amplitude. We estimate those diagrams in the ’t Hooft–Feynman gauge
using the standard argument for the Feynman propagator,
∫
d4x∆µνF (x,mW ) =
∫
d4x d4k
1
(2π)4
−gµν + kµkν
m2
W
k2 −m2W
e−ikx =
gµν
m2W
. (107)
(3) Next we hadronize the SM free quark amplitudes by sandwiching the in-
teraction (four-quark) operator, between the time-independent state-vectors
〈π+| and |K+〉. This corresponds to the well known Heisenberg picture [103].
(4) We apply Lorentz decomposition of the relevant hadronic matrix element
in the penguin amplitude and use the vacuum saturation approximation and
PCAC in the tree amplitude evaluations.
(5) We assume that the meson is described within the valence quark approx-
imation and that quark and antiquark are collinear, each carrying a half of
the meson momenta.
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(P) From Fig. 1, i.e. from the first equation in section 1.2 for a real
photon we have
Apeng.(K → πγ)|SM (108)
= iG2 〈π+(p)|
(
mdd¯σµνq
νsL +msd¯σµνq
νsR
)
|K+(k)〉 ǫµ(q).
Next we use the Lorentz decomposition of the σµν operator matrix element
and find
〈π+(p)|d¯σµνqνs|K+(k)〉 ǫµ(q) = (kµpν − kνpµ) qν ǫµ(q) f(q2) (109)
= (kq) (qµǫ
µ(q)) f(q2) = 0,
which means that Apeng.(K → πγ)|SM = 0.
(T) We start to calculate the diagram with a photon coming out of the
W propagator, Fig. 9. After a trivial integrations over the delta functions,
the amplitude reads
AtreeW |SM = ie
g2
4
V ∗usVudψ¯uf (puf )γα(1− γ5)ψd¯(pd¯)
gατ
m2W
× [(q − p)νgµτ + (p− k)µgτν + (k − q)τgµν ] g
νβ
m2W
×ψ¯s¯(ps¯)γβ(1− γ5)ψui(pui) ǫµ(q). (110)
Momentum conservation: k = ps¯ + pui , p = pd¯ + puf , k = p + q, and the
assumptions (3)–(5) gives:
〈AtreeW 〉SM = ie
√
2GF fπfK V
∗
usVud
kq
m2W
(qµǫ
µ(q)) = 0. (111)
Next, we estimate the free-quark amplitude from the diagram where the
photon is coming out of the antiquark s¯ leg, Fig. 9. After a trivial integration
we found
Atrees¯ |SM = i
e
3
g2
4
V ∗usVudψ¯uf (puf )γν(1− γ5)ψd¯(pd¯)
gντ
m2W
× ψ¯s¯(ps¯)γτ ( 6ps¯ − 6q) +ms
(ps¯ − q)2 −m2s
γµ(1− γ5)ψui(pui) ǫµ(q). (112)
Using the assumption (3)–(5), from the above denominators we obtain a
factor 1/(kq)m2W . Using Dirac algebra identities to reduce γν( 6ps¯ − 6q)γµ
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term, and assumptions (4), with the help of definition kq = pq = (k2− p2)/2
ψ¯s¯Lγνγµψ
ui
L = 0, we obtain the following amplitude
〈Atrees¯ 〉SM = i
−1
3
e
√
2GF fπfK V
∗
usVud
kp
kq
(kµǫ
µ(q)). (113)
The amplitude coming from the second initial leg is:
〈Atreeui 〉SM = 2〈Atrees¯ 〉SM . (114)
The amplitudes from the outgoing quark–antiquark pair are
〈Atreeuf 〉SM = 2〈Atreed¯ 〉SM (115)
= i
2
3
e
√
2GF fπfK V
∗
usVud
kp
pq
(pµǫ
µ(q)).
Summing up the above four contributions, we have(
〈Aui〉+ 〈As¯〉+ 〈Auf 〉+ 〈Ad¯〉
)tree
SM
= −ie
√
2GFfπfKV
∗
usVud
kp
kq
(qµǫ
µ(q)) = 0,
which finally gives
Atree(K → πγ)|SM =
(
〈AW 〉+ 〈Aui〉+ 〈As¯〉+ 〈Auf 〉+ 〈Ad¯〉
)tree
SM
= 0. (116)
By this, we prove our statement that the amplitude for K → πγ decay
vanishes in the SM, because of the electromagnetic gauge condition, i.e.
A(K → πγ)|SM = Apeng.(K → πγ)|SM + Atree(K → πγ)|SM = 0. (117)
2.3 Non-commutative Abelian gauge theories
In the last part of these lectures we discuss a possible mechanism for addi-
tional energy loss in stars induced by space-time non-commutativity. The
mechanism is based on neutrino–antineutrino coupling to photons, which
arises quite naturally in non-commutative Abelian gauge theory [104].
We are interested in an effective model of particle physics involving neu-
trinos and photons on non-commutative space-time. More specifically we
need to describe the scattering of particles that enter from an asymptotically
commutative region into a non-commutative interaction region. We shall
focus on a model that satisfies the following requirements:
47
(i) Non-commutative effects are described perturbatively. The action is
written in terms of assymptotic commutative fields.
(ii) The action is gauge-invariant under U(1)-gauge transformations.
(iii) It is possible to extend the model to a non-commutative electroweak
model based on the gauge group U(1)× SU(2).
As we have already argued in these lectures the action of such an effective
model differs from the commutative theory essentially by the presence of star
products and Seiberg–Witten maps. The Seiberg–Witten maps are necessary
to express the non-commutative fields ψˆ, Aˆµ that appear in the action and
that transform under non-commutative gauge transformations, in terms of
their asymptotic commutative counterparts ψ and Aµ. The coupling of mat-
ter fields to Abelian gauge bosons is a non-commutative analogue of the usual
minimal coupling scheme. Neutrinos do not carry a U(1) (electromagnetic)
charge and hence do not directly couple to Abelian gauge bosons (photons)
in a commutative setting. In the presence of space-time non-commutativity,
it is, however, possible to couple neutral particles to gauge bosons via a star
commutator. The relevant covariant derivative is
Dˆµψˆ = ∂µψˆ − ieAˆµ ⋆ ψ + ieψˆ ⋆ Aˆµ , (118)
with a coupling constant e. Here one may think of the non-commutative
neutrino field ψˆ as having left charge +e, right charge −e and total charge
zero. From the perspective of non-Abelian gauge theory, one could also say
that the neutrino field is charged in a non-commutative analogue of the ad-
joint representation. Physically such a coupling of neutral particles to gauge
bosons is possible because the non-commutative background is described by
an antisymmetric tensor θµν that plays the role of an external field in the the-
ory. The photons do not directly couple to the “bare” commutative neutrino
fields, but rather modify the non-commutative background. The neutrinos
propagate in that background.
The action for a neutral fermion that couples to an Abelian gauge boson
in a non-commutative background is [104]:
S =
∫
d4x
( ¯̂
ψ ⋆ iγµD̂µψ̂ −m ¯̂ψ ⋆ ψ̂
)
. (119)
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Here ψ̂ = ψ+eθνρAρ∂νψ+O(θ2) and Âµ = Aµ+θρνAν
[
∂ρAµ − 12∂µAρ
]
+O(θ2)
is the Abelian NC gauge potential expanded by the SW map.
To first order in θ, the action reads
S =
∫
d4x
{
ψ¯ [iγµ∂µ −m (1 + eθµνAµν)]ψ (120)
+ieθµν
[
(∂µψ¯)Aνγ
ρ(∂ρψ)− (∂ρψ¯)Aνγρ(∂µψ) + ψ¯(∂µAρ)γρ(∂νψ)
]}
.
Integrating by parts, this can also be written in a manifestly gauge-invariant
way as
S =
∫
d4xψ¯
[
iγµ∂µ −m (1 + eθµνAµν)− ieAµν
(
1
2
θµνγρ∂ρ + θ
νργµ∂ρ
)]
ψ.
The above action represents the tree-level point-like interaction of the pho-
ton and neutrinos. We could also call it “the background field anomalous-
contact” interaction.
2.3.1 The plasmon decay to neutrino–antineutrino pairs
To obtain the “transverse plasmon” decays in the stars on the scale of non-
commutativity, we start with the action determining the γνν¯ interaction. In
a stellar plasma, the dispersion relation of photons is identical with that of
a massive particle [105]–[107]
q2 ≡ E2γ − q2γ = ω2pl (121)
with ωpl being the plasma frequency.
From Eq. (120) we extract, for the left–right massive neutrinos, the
following Feynman rule for the γ(q)→ ν(k′)ν¯(k) vertex in momentum space:
Γµ
(LR)
(νν¯γ) = ie
1
2
(1∓ γ5)
[
(qθk)γµ + ( 6k − 2mν)q˜µ − 6qk˜µ
]
. (122)
In the case of massless neutrinos the Feynman rule reads:
Γµ
(LR)
(νν¯γ) = ie
1
2
(1∓ γ5)θµντkνqτ , θµντ = θµνγτ + θντγµ + θτµγν . (123)
Here qµΓ
µ = 0 explicitly shows the electromagnetic gauge invariance of the
above vertices.
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From the gauge-invariant amplitude Mγνν¯ in momentum space for plas-
mon (off-shell photon) decay to the left and/or right massive neutrinos in
the NCQED, we find:
∑
pol.
|Mγνν¯|2 = 4e2
[(
q2 − 2m2ν
) (5
2
m2ν q˜
2 − (qθk)2
)
+m2νq
2(k˜2 − k˜q˜)
]
. (124)
In the rest frame of plasmon-medium we have
q˜2 = E2γ
3∑
i=1
(θ0i)2 =
E2γ
Λ4NC
3∑
i=1
(c0i)2 ≡ E
2
γ
Λ4NC
~E2θ ≡ qθ2q, (125)
from where we then find [104]:
Γ(γpl → ν¯(LR)ν(LR)) =
α
48
ω6pl
EγΛ4NC
√√√√1− 4m2ν
ω2pl
(126)
×
(1 + 20m2ν
ω2pl
− 48m
4
ν
ω4pl
)
3∑
i=1
(c0i)2 + 2
m2ν
ω2pl
(
1− 4m
2
ν
ω2pl
)
3∑
i,j=1
i<j
(cij)2
 .
In the all above calculations we have used the notation:
q˜2 = |θµνqν |2 = (θµνqν)(θµρqρ)† = −(θµνqν)(θµρqρ), (127)
θ2 = θµνθνµ = (θ
2)µµ =
2
Λ4NC
 3∑
i=1
(c0i)2 −
3∑
i,j=1
i<j
(cij)2
 ≡ 2
Λ4NC
(
~E2θ − ~B2θ
)
.
In the above expression we parametrize the c0i’s by introducing the angles
characterizing the background θµν field of the theory:
c01 = cos ξ, c02 = sin ξ cos ζ, c03 = sin ξ sin ζ, (128)
where ξ is the angle between the ~Eθ field and the direction of the incident
beam, i.e. the photon axes. The angle ζ defines the origin of the φ axis. The
c0i’s are not independent; in pulling out the overall scale ΛNC we can always
impose the constraint
∑3
i=1(c
0i)2 = 1. Here we consider three physical cases:
ξ = 0, π/4, π/2, which for ζ = π/2 satisfy the imposed constraint. This
parametrization provides a good physical interpretation of the NC effects.
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In the rest frame of the medium, the decay rate of a “transverse plasmon”,
of energy Eγ and for the left–left and/or right–right massless neutrinos, is
given by
ΓNC(γpl → ν(LR)ν¯(LR)) =
α
48
1
Λ4NC
ω6pl
Eγ
. (129)
The Standard Model (SM) photon–neutrino interaction at tree level does
not exist. However, the effective photon–neutrino–neutrino vertex Γµeff(γνν¯)
is generated through 1-loop diagrams, which are very well known in heavy-
quark physics as “penguin” diagrams. Such effective interactions [108, 109]
give non-zero charge radius, as well as the contribution to the “transverse
plasmon” decay rate. For details see Ref. [109]. Finally, note that the dipole
moment operator ∼ emνGFψ¯νσµνψνAµν , also generated by the “neutrino-
penguin” diagram, gives negligible contributions because of the smallness of
the neutrino mass, i.e. mν < 1 eV [110]. The corresponding SM result is
[109]
ΓSM (γpl → νLν¯L) = c
2
vG
2
F
48π2α
ω6pl
Eγ
. (130)
For νe we have cv =
1
2
+ 2 sin2ΘW while for νµ and ντ we have cv = −12 +
2 sin2ΘW. Comparing the decay rates into all three left-handed neutrino
families we thus need to include a factor of 3 for the NC result, while c2v
∼= 0.8
for the SM result [67]. Therefore, the ratio of the rates is
ℜ ≡
∑
flavours ΓNC(γpl → νLν¯L + νRν¯R)∑
flavours ΓSM(γpl → νLν¯L)
=
6π2α2
c2vG
2
FΛ
4
NC
. (131)
A standard argument involving globular cluster stars tells us that any new
energy-loss mechanism must not exceed the standard neutrino losses by
much, see section 3.1 in Ref. [111]. Put another way, we should approxi-
mately require ℜ < 1, translating into
ΛNC >
(
6π2α2
c2vG
2
F
)1/4
≈ 81 GeV . (132)
In the case of the absence of the sterile neutrinos (νR) in globular cluster
stars the scale of non-commutativity is approximately ΛNC > 68 GeV.
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2.4 Discussion and conclusions on forbidden decays
At the beginning of our discussion and conclusions, a very important com-
ment is in order.
Extreme care has to be taken when one tries to compute matrix elements
in NCGFT. In our model, the in and out states can be taken to be ordi-
nary commutative particles. Quantization is straightforward to the order in
θ that we have considered; the Feynman rules can be obtained either through
the Hamiltonian formulation or directly from the Lagrangian; a rather conve-
nient property of the action, relevant to computations, is its symmetry under
ordinary gauge transformations, in addition to non-commutative ones.
We propose decay modes that are strictly SM-forbidden, namely Z → γγ,
K → πγ, ..., as a possible signature of non-commutativity. An experimental
discovery of Z → γγ, K → πγ, ..., decays would certainly indicate a vio-
lation of the accepted SM and the definite appearance of new physics. To
determine whether such SM breaking is ultimatlly coming from space-time
non-commutativity or from some other source would require a tremendous
amount of additional theoretical and experimental work, and is beyond the
scope of the present work.
The structure of our main results for the gauge sector, (89) to (92), re-
mains the same for SU(5) and SU(3)C×SU(3)L×SU(3)R GUTs that embed
the NCSM that is based on the SW map [91, 112]; only the coupling constants
change. In the particular case of SO(10) GUTs there is no triple gauge boson
coupling [91]. This is due to the same Lorentz structure of the gauge boson
couplings Zγγ and Zgg in our NCSM and in the above GUTs, understood
underlying theories for the NCSM. In the GUT framework, the triple-gauge
couplings could be uniquely fixed. However, the GUT couplings have to be
evolved down to the TeV scale. This requires additional theoretical work,
and it is a subject for another study.
Note finally that the inclusion of other triple-gauge boson interactions
in 2 → 2 experiments sufficiently reduce available parameter space of our
model. This way it is possible to fix all the coupling constants from the NC
gauge sector.
To get some idea of the values, let us choose the central value of the Zγγ
coupling constants |KZγγ| ≃ 0.1 and assume that maximal non-commutativity
occurs at the scale of ∼1 TeV. The resulting branching ratio for our Z → γγ
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decay would then be O(10−8), which is a reasonable order of magnitude.
The dynamics of the SM forbidden flavour changing weak decays is de-
scribed in the framework of the so-called minimal NCSM developed by the
Wess group [89]. The branching ratios are roughly estimated within the
static-quark approximation. Despite the simplifications gained by the static-
quark approximation, we did obtain reasonable results, i.e. expected rates.
Namely, in the static-quark approximation many terms did not contribute at
all. An improved estimate, by inclusion of all those terms, would certainly
increase our branching ratios. We do expect increasing to more than one
order of magnitude, which would than place the BR(K+ → π+γ) closeer to
today’s experimentally accessible range [113, 114].
The same increase should also take place for the B → Kγ modes via
1-loop non-commutative FCNC, i.e. via non-commutative penguin diagrams
[115]. Namely we know that penguin diagrams, in the case of B-meson de-
cays, have a number of advantages over the tree diagrams. Also the whole B
sector has advantages over the kaon sector:
(a) rate is proportional to m5B which cancels small mean life τB and small
CKM matrix elements relative to kaons, i.e.
(τB m
5
B|V ∗tsVtb|2)peng.
(τK m5K |V ∗usVud|2)tree
≃ 1; (133)
(b) penguins do not suffer from relatively small CKM matrix elements;
(c) in the non-commutative penguin diagrams from the charm and top
loops, Fig. 10, one might expect large QCD effect, i.e. the logarithmic type,
∼ [αsln(m2t/m2c)], of the rate enhancement;
(d) note, however that the calculation of the non-commutative penguin
diagrams would be highly complicated, and would require a number of addi-
tional studies, to deal in particular with UV and/or IR divergences. There al-
ready is a lot in the literature concerning the problem of (non-)renormalizability
of the non-commutative gauge field theories [116].
From the advantages described in (a) to (d), we conclude that some partic-
ular decay modes within the kaon and/or B meson sectors would receive the
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Figure 10: The NCSM linear θ-dependent contributions to typical flavour-
changing diagrams. The first one arises from the point-like charged current
NCSM interactions, see for instance Fig. 9, while the second represents the
flavour-changing NCSM neutral-current, 1-loop transitions, i.e. the typical
non-commutative penguin diagram. The q¯1, q¯2, qi and qf are the same as in
Fig. 9.
contributions from non-commutative tree and from non-commutative pen-
guin diagrams of comparable size. This is very important for the experimen-
talists, since it shows implicitly that some decay modes could be relatively
large, that means closer than we expect to the experimentaly accessible range.
The limit on the scale of non-commutativity from the energy loss in stars
depends on the requirement ℜ < 1 and from that point of view, the con-
straint ΛNC > 80 GeV, obtained from the energy loss in the globular stellar
clusters, represents the lower bound on the scale of non-commutative gauge
field theories.
Concerning the forbidden decays, the experimental situation can be sum-
marized as follows:
(1) The joint effort of the DELPHI, ALEPH, OPAL and L3 Collabora-
tions [93] give us a hope that in not to much time all collected data from the
LEP experiments will be counted and analysed, producing tighter bounds
on triple-gauge boson couplings. Finally, note that the best testing ground
for studies of anomalous triple-gauge boson couplings, before the start of the
linear e+e− collider there will be the LHC. See for instance Ref. [117].
(2) The authors of Brookhaven Experiment E787 recently published a
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new upper limit on the branching ratio BR(K+ → π+γ) < 3.6× 10−7 [113].
The E787 has been upgraded to a more sensitive experiment, E949, curently
under way at the AGS. In this experiment it would be possible to the push
sensitivity to K+ → π+γ by a quite large factor if there were sufficient moti-
vation to do so [114]. We hope that the results of this research will convince
the E949 Collaboration to go for it.
(3) In the future machines the productions of 1012, 1013, and 1014, B¯B,
D¯D, and K¯K pairs is expected , respectively.
(4) The sensitivity to the NC parameter θµν could be in the range of the
next generation of linear colliders, with a c.m.e. around a few TeV.
(5) We hope that, in the near future, more sophisticated methods to
observe, and more accurate techniques to measure the energy loss in the stel-
lar clusters will produce more restricting limits to the requirement ℜ < 1,
something like ℜ < 1/10, and consequently a firmer bound on the scale of
non-commutativity ΛNC.
In conclusion, both the hadron and the gauge sector of the NCSM as well
as the NCQED are excellent places to discover space-time non-commutativity
experimentally. We believe that the importance of a possible discovery of
non-commutativity of space-time at very short distances would convince par-
ticle and astroparticle physics experimentalists to look for SM-forbidden de-
cays in those sectors.
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